The current guidelines recommend culture and antibiotic susceptibility testing of Helicobacter pylori following two failed eradication attempts. Where testing is unavailable, epidemiological data for secondary H. pylori resistance are essential to allow for the rational use of antibiotics. The aim of this study was to describe the temporal changes in antibiotic resistance among adults previously treated for H. pylori infections and to identify predictors of resistance. Between 2007 and 2014, consecutive patients undergoing gastroscopy with H. pylori culture and susceptibility testing at our institution following at least two treatment failures were retrospectively identified. Antibiotic susceptibilities were recorded and linked to the demographic data. A total of 1,042 patients were identified, including 739 (70.9%) males, aged 39.3 ؎ 18.9 years. Resistance to clarithromycin, metronidazole, and levofloxacin was found in 57.2%, 64.4%, and 5.1% of isolates, respectively. Dual resistance to clarithromycin and metronidazole was seen in 39.9%. Over the study period, clarithromycin resistance increased annually in a linear manner (odds ratio [OR], 1.09; 95% confidence interval [CI], 1.03 to 1.14; P < 0.01), levofloxacin resistance decreased annually (OR, 0.78; 95% CI, 0.61 to 0.92; P < 0.01), and metronidazole resistance was nonlinear. Age was an independent predictor of resistance to all antibiotics. Time elapsed predicted resistance for clarithromycin and levofloxacin and dual resistance for clarithromycinmetronidazole. Secondary resistance of H. pylori to clarithromycin and metronidazole remains high. The low secondary resistance to levofloxacin makes it an attractive treatment option in our region for patients following two failed eradication attempts.
D espite 30 years of experience in treating
Helicobacter pylori infection, the ideal treatment regimen has not yet been defined. Antibiotic resistance remains the most important impediment to the successful eradication of H. pylori. The current guidelines recommend H. pylori culture and susceptibility testing following two unsuccessful courses of treatment (1) . Nevertheless, in regions where antibiotic susceptibility testing is unavailable, epidemiological data for secondary H. pylori resistance is essential to allow for the rational use of antibiotics following several failures in treatment (2) . In this manner, the treatment success of a particular antibiotic regimen can be reliably predicted based on epidemiological data, even in the absence of individualized H. pylori culture and susceptibility testing. Due to the dynamic nature of H. pylori resistance, up-to-date data are imperative, and, if possible, temporal trends should be identified. A recent study from China found that between 2000 and 2009 secondary resistance to clarithromycin (CLR) increased from 29% to 100%, and resistance to metronidazole (MET) increased from 71% to 89%. Secondary resistance to levofloxacin (LEV) increased from 38% in 2006 to 82% in 2009. Resistance to ampicillin (AMP) and tetracycline (TET) was consistently negligible (3) . A similar trend was observed in a European cohort between 2004 and 2007 where, altogether, secondary CLR resistance was 68%, MET resistance was 75%, and quinolone resistance was 20% (4) . The temporal trends in secondary antibiotic resistance have not been previously studied in the Eastern Mediterranean region. The aim of this study was to describe the temporal trends in the secondary antibiotic resistance of H. pylori and to identify the predictors of microbial resistance. This will allow for the rational use of antibiotics in patients who do not achieve successful eradication with the standard treatment regimens.
MATERIALS AND METHODS

Data source.
Consecutive patients who underwent gastroscopy with culture and susceptibility testing for H. pylori between 1 January 2007 and 31 May 2014 were retrospectively identified. Data were retrieved from the Ofeq Database belonging to Clalit Health Services. In addition to data on the susceptibility of H. pylori to AMP, CLR, MET, LEV, and TET, demographic data were available, including age, sex, and country of birth. All of the gastroscopies were performed at Rabin Medical Center. Sterile samples from patients who were H. pylori positive as diagnosed by a [
13 C]urea breath test, rapid urease test, or histology were excluded. If more than one culture was obtained in a given patient on separate occasions, only the first culture was included in the analysis.
Patients. Patients were referred from a dedicated H. pylori clinic at Rabin Medical Center. This clinic is the only dedicated H. pylori clinic is Israel and receives referrals from all regions of the country and from every health insurer. Patients in whom at least 2 courses of clarithromycin-and nitroimidazole-based therapies had failed were referred for gastroscopy with culture and susceptibility testing. Generally, the first-line treatment consisted of CLR-based triple therapy (CLR-AMP or CLR-MET with a proton pump inhibitor), sequential therapy, or concomitant therapy for 10 to 14 days, whereas second-line treatment consisted of bismuth-based quadruple therapy for 10 to 14 days. Due to the tight regulation of and lack of insurance coverage for levofloxacin, a negligible number of patients had received this antibiotic prior to referral. Direct referrals to gastroscopy and culture were not allowed.
Culture and susceptibility. The biopsy specimens were inoculated directly onto Columbia blood agar (Difco, Detroit, MI) supplemented with yeast extract (5 g/liter), laked/lysed horse blood (7%), vancomycin (3 mg/liter), colistin sulfate (7.5 mg/liter), nystatin (12,500 IU/liter), and cotrimoxazole (5 mg/liter). The cultures were incubated for at least 72 h at 37°C under microaerobic conditions. H. pylori isolates were identified by colony morphology, characteristic spiral morphology on Gram staining, and positive findings on catalase, urease, and oxidase tests. The culture success rate of our reference laboratory is Ͼ95%.
The MICs for CLR, MET, AMP, TET, and LEV were determined by Etest (Biodisk, Solna, Sweden). Suspensions of a 3 McFarland standard were prepared in Columbia broth (Difco) from 72-h blood agar subcultures and spread (100 AL) on 90-mm-diameter petri plates containing Mueller-Hinton agar (BBL; Becton Dickinson and Company, Cockeysville, MD) supplemented with yeast extract (5 g/liter), horse serum (12%), and NAD (25 mg/ liter). Etest strips were placed on the plates as soon as the inocula were absorbed into the agar (5, 6). The plates were incubated at 37°C under microaerobic conditions. The MIC values were determined after a 72-h incubation. Resistance was defined in accordance with the European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines (7): AMP, MIC of Ͼ1.2 mg/liter; TET, MIC of Ͼ1 mg/liter; CLR, MIC of Ͼ 0.5 mg/liter; MET, MIC of Ն8 mg/liter (8); and LEV, MIC of Ͼ1 mg/liter (9) . The H. pylori ATCC 43526 strain was used for quality control of the selective medium and the ATCC 43504 strain was used for the quality control of the susceptibility assay (10) . Susceptibility testing for amoxicillin and tetracycline was not performed subsequent to 1 March 2009 due to the overwhelming susceptibility of H. pylori to these agents.
Statistical analysis. All analyses were performed using SPSS version 21.0 statistical analysis software (IBM Inc., Chicago, IL, USA). The distributions of continuous variables were assessed for normality using the Kolmogorov-Smirnov test (cutoff at P Ͻ 0.01) and are described as means Ϯ standard deviations (SD). The continuous variables were compared by antibiotic susceptibility using the t test for independent samples or the Mann-Whitney U test as appropriate. Nominal variables are described as frequency counts and are presented as number (%). The nominal variables were compared by antibiotic susceptibility using the chisquare test. The antibiotic resistance was modeled using regression analysis to develop odds ratios (OR) with 95% confidence intervals (CI), and a Bonferroni correction was performed. A multivariate prediction model included the following variables: year, origin, age, and sex. All tests were two-sided, and the results were considered significant at a P value of Ͻ0.05.
RESULTS
Patients.
A total of 1,042 cultures from 1,042 patients, including 739 (70.9%) males, were tested. The mean age was 39.3 years (SD, 18.9 years). Of the subjects, 740 (71.0%) were born in Israel, 174 (16.7%) were born in Eastern Europe and the former Soviet Union (FSU), and 110 (10.6%) were born in other Middle/Near Eastern and North African countries. The patient characteristics are displayed in Table 1 .
Culture and susceptibility. A total of 596 (57.2%) isolates of H. pylori were resistant to CLR, 671 (64.4%) were resistant to MET, and 53 (5.1%) were resistant to LEV (Table 2) . Dual CLR-MET resistance was seen in 416 (39.9%) isolates, and simultaneous resistance for CLR-MET-LEV was seen in 29 (2.8%) cases. All 191 cultures tested for AMP and TET showed antibiotic susceptibility. Therefore, testing for AMP and TET was discontinued after March 2009.
Temporal trends in antibiotic susceptibility. With linear regression modeling, resistance to CLR increased 8.9% each year relative to that in the preceding year (OR, 1.09; 95% CI, 1.03 to 1.14; P Ͻ 0.01) ( Table 3 ; Fig. 1 ). The likelihood of LEV resistance decreased by 22.3% each year (OR, 0.78; 95% CI, 0.61 to 0.92; P Ͻ 0.01). Dual CLR-MET resistance increased by 8.4% each year (OR, 1.08; 95% CI, 1.03 to 1.14; P Ͻ 0.01) (Fig. 1 ). Resistance to MET and simultaneous CLR-MET-LEV resistance did not follow a linear pattern.
Factors associated with antibiotic resistance. Increasing age was significantly associated with CLR, MET, LEV, dual CLR-MET, and simultaneous CLR-MET-LEV resistance (Table 4) . Gender was not associated with resistance to any antibiotic. The frequencies of LEV, dual CLR-MET, and simultaneous CLR-MET-LEV resistance were all significantly higher in subjects born in Eastern Europe/FSU and the Middle/Near East and less common in Israeli-born subjects.
Multivariate regression analysis. The period of observation (time elapsed) was independently linked to CLR, LEV, and dual CLR-MET resistance (Table 5 ). Increasing age was found to independently predict CLR, MET, LEV, dual CLR-MET, and simultaneous CLR-MET-LEV resistance. Gender and country of birth did not predict antibiotic resistance in our model.
DISCUSSION
Antibiotic resistance is the main factor accounting for unsuccessful eradication of H. pylori (1). Our 8-year historical perspective provides insight into the relationship between secondary antibiotic resistance and covariates, including time elapsed, age, gender, and geographical origin. Among adults previously treated for H. pylori, across the study period we found a linear increase in CLR resistance, a linear decrease in LEV resistance, and an erratic pattern for MET resistance. Dual CLR-MET resistance remained steady with the exception of a spike in 2012-2013, parallel to peak CLR and MET resistance rates. Simultaneous resistance to CLR-MET-LEV followed a downward trend; however, this was not significant.
Interestingly, between 2012 and 2014, resistance to CLR tapered from 69.4% to 56.6% (Fig. 1 ). Time will tell whether or not this decline will continue. Our findings are consistent with the pattern observed in the Netherlands between 1997 and 2002, where the rate of CLR resistance decreased (11) . However, these results are difficult to interpret due to a small sample size and a low overall rate of secondary CLR resistance (5.3%). In other regions, resistance did not change significantly. For example, in France, CLR resistance was 18% in 1994 and 20% in 2005 (12) . Neverthe- less, the same study group subsequently found that between 2004 and 2007 secondary CLR resistance in France increased from 29% to 77% (4). Indeed, in most of the regions in which CLR susceptibility has been studied, resistance has risen over time. In Bulgaria, CLR resistance rose from 10% in 1996-1999 to 19% in 2007-2009 (13) , and in Belgium from 6% in 1990 to 56% in 2009 (14) . In China, secondary resistance rose from 29% in 2000 to 100% in 2009 (3). We found that the period of observation was an independent predictor of CLR resistance. This is probably related to a surge in the use of macrolides for respiratory tract infections worldwide and also in Israel (15) (16) (17) . In this setting, it is reassuring that in Israel CLR resistance has tapered since 2012. The seroprevalence of H. pylori in Israel is approximately 45% (18) . Temporal antibiotic susceptibility data for our geographical region have not previously been published. However, data from a small Israeli cohort (n ϭ 28) in 2000-2001 showed that secondary resistance to CLR and MET was 46% and 61%, respectively (19 (21) . The dual CLR-MET resistance was 33%, which is comparable to our observations for 2007-2014; however, simultaneous CLR-MET-LEV resistance was 13%, which is considerably higher. This might be reflective of the tightened regulation surrounding fluoroquinolone prescriptions over the past decade in Israel and the lack of reimbursement (22, 23) .
We found that age was an independent predictor of secondary resistance to CLR, MET, LEV, and combinations thereof, presumably related to a longer duration of infection and increased prior antibiotic exposure. We excluded subjects younger than 18 years in our analysis since they are not a target for treatment (1) . Nevertheless, in studies which stratify for age, resistance appears to be lowest in children (14) . This is especially true for LEV, presumably because fluoroquinolones are rarely used in this age group. On the other hand, some data suggest that CLR resistance is higher in children than in adults, due to widespread macrolide use for respiratory tract infections (5, 13, (24) (25) (26) (27) .
Gender did not predict antibiotic resistance in our study. Other studies have reported variable associations with gender. A female predilection for resistance was seen in the Belgian cohort (14) and hypothesized to be related to macrolide and nitroimidazole prescription for gynecological infections. A male predilection has been described in other geographical regions (28) (29) (30) .
Geographical origin was associated with various patterns of antibiotic resistance; however, these did not remain significant when analyzed in a multivariate regression model ( Table 4 ). The antibiotic resistance was highest among subjects born in Eastern Europe/FSU and the Near/Middle Eastern countries. This is presumably confounded by the older age of the immigrant population in Israel.
Low rates of secondary fluoroquinolone resistance in our region make levofloxacin an attractive option for second-or thirdline treatment, in combination with AMP and a proton pump inhibitor. In penicillin-allergic individuals, LEV may be combined with CLR. Secondary analyses showed that the rate of dual CLR-LEV resistance in our cohort was only 3.5% (5.4% in 2007 and 2.0% in 2014), making this treatment combination feasible.
The strength of our study lies in the large sample size, the reliability of our data, and the homogeneity of our cohort. Limitations include a possible referral bias and the single center design which may overrepresent an urban, high socioeconomic demographic. However, our center is the only site in Israel to perform H. pylori culture and as such receives referrals from the entire country. We did not include clinical and endoscopic data such as underlying gastric disease or details of prior treatment attempts. Retrospective, manual data retrieval was forgone in favor of a very large sample and data accuracy. We did not include data on primary antibiotic resistance, which is necessary for the rational choice of first-line treatment.
The overestimation of resistance to MET is of concern in this study. Previous reports have shown that incubation for 24 h in anaerobic conditions before transferring to a microaerobic atmosphere yields significantly lower MET resistance than incubation which is exclusively microaerobic (31) . The reason is that the nitro group of metronidazole must be reduced for drug activation. Anaerobic conditions are required since oxygen has a higher reduction potential than metronidazole and will be otherwise preferentially reduced (32) . Another criticism of our study relates to the clinical relevance of in vitro testing; however, with the exception of MET, the concern that susceptibility results do not predict treatment efficacy is largely unfounded (33) (34) (35) (36) . Furthermore, the future of susceptibility testing may be noninvasive stool PCR-based testing, which will obviate direct culture (37) . A future study might be enhanced by including resistance data for additional antibiotics which are sometimes used to treat refractory H. pylori, such as furazolidone, rifabutin, and nitazoxanide (38) (39) (40) . In conclusion, although secondary resistance of H. pylori to CLR and MET remains high, rates do not appear to be increasing at this stage. Low secondary resistance to LEV makes it an attractive treatment option in our region for patients after two failed eradication attempts.
